Postharvest modification of flesh firmness and its relationship to pectin solubility were investigated in eight commercial cultivars of muskmelon (Cucumis melo L. var. reticulatus Naud.). A considerable difference in the softening rate was found between cultivars. Relatively rapid softening to desirable texture was found in the flesh of 'Sapporo King ER', 'Melorin', and 'King Melty' within three or four days after harvest. The flesh of 'Ichihime', 'Red 113', and 'G 08' showed slower softening, taking approximately a week to obtain acceptable texture. Especially in 'Ichihime' and 'Red 113', the flesh remained relatively firm even after 14 days. 'Rupia Red' and 'Earl's Knight Shunjukei' showed an intermediate softening rate. These characteristics corresponded to the objective measurement, and a logarithmic relationship was found between sensory scores of flesh firmness and hardness measured by texture analyzer. Furthermore, significant differences between cultivars in the rate of pectin solubilization were observed, which corresponded to the rates of flesh softening. A significant negative correlation was observed between texture analyzer-measured hardness and water-soluble pectin content, which seemed to fit an exponential curve. The hardness for acceptable eating quality varied from cultivar to cultivar. The contribution of this objective method of measuring flesh firmness to the evaluation of eating quality, and its difficulty due to differences in postharvest behavior of cultivars, are discussed.
Introduction
Eating quality is the most important factor in muskmelon production. Fruit quality is widely estimated by the soluble solid content (SSC); however, it has been reported that SSC is insufficient as the sole index of eating quality (Aulenbach and Worthington, 1974; Yamaguchi et al., 1977) . Another important index of the eating quality in muskmelon is texture. Flesh firmness is one of the major textural characteristics of muskmelon and has a great effect on eating quality (Beaulieu et al., 2004; Mutton et al., 1981; Yamaguchi et al., 1977) .
Muskmelon fruits keep on softening after harvest, so they achieve the desirable texture for eating when reaching the consumer. Miccolis and Saltveit (1995) reported that the rates of melon fruit softening differ among cultivars of var. inodorus. Yoshida et al. (1990) reported that ripening behavior differs between two cultivars of var. reticulatus. Such variability among cultivars often causes confusion or problems in production, distribution, sales, and consumption; therefore, it is important to establish a reliable, objective method for evaluating the eating quality of melons. Fruit softening during ripening has been extensively studied for various fleshy fruit types. Among physiological modifications that occur during ripening, the solubility of pectic substances is regarded as one of the essential factors which affect the fruit texture (Fisher and Bennett, 1991; Li et al., 2006) . There are also many papers that report decreased molecular weight and increased solubility of pectic substances in muskmelon (McCollum et al., 1989; Ranwala et al., 1992; Rose et al., 1998; Simandjuntak et al., 1996) . It seems that the investigation of pectin solubility in various stages of postharvest ripening is also a useful approach to understand the 238 differences in postharvest behavior between cultivars; however, there are few reports that focus on this issue.
In this study, we investigated the differences in the rate of fruit softening among eight typical commercial cultivars (C. melo, var. reticulatus) that have diverse shelf lives. The relationship between subjective and objective measures of texture, and the solubility of pectic substances in those cultivars are studied.
Materials and Methods

Plant material
Eight commercially grown cultivars of muskmelon (C. melo L. var. reticulatus Naud. 'Ichihime', 'Rupia Red', 'Red 113', 'Sapporo King ER', 'Melorin', 'King Melty', 'G 08', and 'Earl's Knight Shunjukei') were used in this study. Plants were grown at the Hokkaido Nuclear Energy Environmental Research Center (Hokkaido, Japan) Table 1 , which is considered the best time for commercial shipping among melon-producing areas of Hokkaido, and then those that were uniform and free from visual defects were selected. Harvested melons were stored in well-ventilated indoor rooms at a temperature of approximately 20-25°C. The storage period was determined according to the keeping quality of each cultivar (see results). The fruits of 'Red 113', purchased from Kyowa Agricultural Cooperative (Hokkaido), were used only in the sensory evaluation in October of 2005. The fruits were purchased on the harvest day, which was 2, 10, and 17 days prior to the evaluation, and kept in the same condition as above.
Instrumental evaluation
After the storage period, flesh hardness was measured using a texture analyzer (TA-XT2i, Stable Micro Systems, Godalming, U.K.). Samples were excised from the equatorial mesocarp of the fruits using a cork borer (diameter: 20 mm) and then trimmed to make the cylindrical sample 20 mm in height. Samples were compressed to 5 mm from the initial height of 20 mm, at a compression speed of 2 mm·s −1 using a platen probe (diameter: 75 mm) with a 25 kg load cell. The maximum force (N) during compression was measured as hardness.
The remainder of the same fruit was used for chemical analysis as follows. The stem end, blossom end, rind, and placental contents were discarded from the fruit. The pared equatorial mesocarp was sliced into small tissues and packed as 50 g samples in polyethylene bottles with 200 mL of 99.5% ethanol and stored at −40°C until use.
Sensory evaluation
The flesh firmness and overall acceptability were evaluated by a trained evaluator (first author), using the same equatorial part of the fruits as used in TPA. They were scored on a five-point scale: 1 = soft or low acceptability, 3 = medium, and 5 = hard or high acceptability. Overall acceptability was determined based on texture (including firmness and texture types such as fibrous, melting or mealy), sweetness, flavor, and aroma.
To examine the relationship between sensory and instrumental evaluations, sensory evaluations by 29 to 30 panelists were carried out three times during the growing season (in July, August, and October) in 2005. Panelists were not trained prior to testing. Twenty-nine individuals employed at Hokkaido Ornamental Plants and Vegetables Research Center participated in July (66% men, 34% women; age range 23-65), and 30 students of Tenshi Colledge in August and October (all woman; age range 18-19; 9 persons out of 30 participated in both tests). The fruit samples tested were: 0, 2, and 4 days after harvest of 'Sapporo King ER' in July, 3, 5, and 9 days after harvest of 'Ichihime' and 5 days after harvest of 'Rupia Red' in August, and 2, 10, and 17 days after harvest of 'Red 113' in October. The fruits were stored under the same condition as above, and halved vertically two hours prior to the test. One half was cut further into eight pieces and used for the sensory evaluation. The other half was used for instrumental evaluation as described above. Samples were evaluated under cool white fluorescent light, and panelists were asked to score the firmness of the flesh on a seven-point scale: −3 = soft, 0 = medium, and 3 = hard.
Preparation of alcohol-insoluble solids (AIS)
Thawed samples were homogenized using a homogenizer (ULTRA-TURRAX T25 Basic, IKA-Werke, Staufen, Germany) and filtrated through filter paper (No. 4, KIRIYAMA GLASS WORKS, Tokyo, Japan). The insoluble materials were washed three times with 80% ethanol and then with acetone. The residue was dried overnight in a drying oven at 40°C. This fraction was designated as AIS.
Pectin extraction and quantification
Pectic substances were extracted from AIS according to their solubility following the method of Miura et al. (1963) . AIS was extracted overnight in room temperature with distilled water and filtered through filter paper (ADVANTEC No. 5B, Toyo Roshi, Tokyo, Japan). The filtrate was designated as water-soluble pectin (WSP). The residue was washed three times with distilled water. After overnight extraction with 0.4% (w/v) sodium hexametaphosphate solution in room temperature, the suspension was filtered through filter paper (ADVAN-TEC No. 6). The soluble fraction was designated as sodium hexametaphosphate-soluble pectin (PSP). The residue was washed three times with distilled water and then dissolved in 0.05 mol·L −1 hydrochloric acid. After heating in boiling water for an hour, the suspension was filtered through filter paper (ADVANTEC No. 6). The filtrate was designated as hydrochloric acid-soluble pectin (HSP). The sum of WSP, PSP, and HSP was designated as total pectin. The final pellet was designated as the residue. It was washed thoroughly with absolute ethanol followed by acetone, then dried overnight at 50°C and weighed.
The pectin of each fraction was quantified by the carbazole-sulfuric acid method (Dietz and Rouse, 1953) . The amount of uronic acid in each fraction was estimated using galacturonic acid as a standard. It is known that the carbazole-sulfuric acid method also detects neutral sugars in the sample (Manabe, 1993) ; therefore, we checked the effect of the coexistence of neutral sugars in some typical samples on the quantified values using the 3,5-dimethilphenol method (Scott, 1979) , which is known not to be influenced by the coexistence of neutral sugars (Manabe, 1993) . The quantities overestimated by the coexisting neutral sugars were less than 10 mg/100 g FW for the checked samples, and there was no alteration in the differences between treatments.
Statistical analysis
The relationship between sensory and instrumental evaluation was analyzed with Spearman's rank correlation coefficient. The Tukey-Kramer multiple comparison test (P < 0.05) was used for comparison of the means of TPA parameters and of pectin contents between days after harvest. These analyzes were performed using JMP v. 5.1 (SAS Institute Inc., Cary, N.C., USA).
Results and Discussion
Selected traits of the harvested fruits are summarized in Table 1 eating quality was: 8, 6, 11, 3, 4, 4, 8, and 10 days for 'Ichihime', 'Rupia Red', 'Red 113', 'Sapporo King ER', 'Melorin', 'King Melty', 'G08', and 'Earl's Knight Shunjukei', respectively (data not shown). The scores of fruit softening in 2004 are shown in Figure 1 . At harvest, the average sensory scores of flesh firmness of 'Sapporo King ER' was 3.3, which is almost acceptable for eating, while those of the others were higher than 4.0, which is rather firm for eating. During ripening after harvest, the flesh of all eight cultivars softened at various rates. Relatively rapid softening to scores between 2.0 and 3.0 was observed in the flesh of 'Sapporo King ER', 'Melorin', and 'King Melty', corresponding to a desirable texture for eating three or four days after harvest. The flesh of 'Ichihime', 'Red 113', and 'G 08' showed slower softening, taking approximately one week for these cultivars to reach an acceptable texture. 'Ichihime' and 'Red 113', in particular, remained relatively firm after 14 days. 'Rupia Red' and 'Earl's Knight shunjukei' showed intermediate softening rates, taking approximately five days to reach a desirable texture (Fig. 1) . These results were consistent with the results of 2003 (data not shown). In melons, it is known that such variability in postharvest behavior is related with the ethylene production rate (Kitamura et al., 1975; Miccolis and Salveit, 1995; Yoshida et al., 1990) . It is also reported that the shelf life of melons is also affected by sensitivity to ethylene and it is known that the ethylene low-sensitivity gene extends shelf life and increases ethylene production at the same time (Oyabu et al., 2004) . We suppose that such differences also exist among these cultivars, but it is too involved a subject to be treated here in detail. For the objective measurement of flesh texture, flesh hardness was measured using a texture analyzer. The hardness showed a drastic change during postharvest ripening, it ranging from 28.9 N to 81.4 N at harvest and decreasing to approximately 10 N in most of the cultivars when they reached a desirable texture. It seemed that these changes are closely related with sensory scores of firmness, and that firmness score is in proportion to the logarithm of hardness (N) (R 2 = 0.850) ( Table 2 , Fig. 2 ). A similar relationship was roughly found through the sensory evaluation by panelists (Table 3) . These results suggest that the texture analyzer-measured hardness may substitute the sensory evaluation of firmness in muskmelon flesh.
With regard to the changes in solubility of pectic Table 2 . Changes in texture analyzer-measured hardness during postharvest ripening of muskmelon cultivars.
z Data followed by different letters within a cultivar were significantly different by Tukey-Kramer's multiple comparison test (P < 0.05). substances, a considerable increase in WSP content and decrease in HSP content were observed (Fig. 3) . At harvest, PSP was the most abundant fraction in all cultivars, ranging between 60 and 90 mg/100 g FW. WSP content at harvest was between 24.2 and 42.8 mg/100 g FW, and HSP was between 16.4 and 48.7 mg/100 g FW. In 'Ichihime', 'Rupia Red', 'Red 113', 'King Melty', and 'Earl's Knight Shunjukei', HSP content decreased significantly after harvest. HSP in 'Sapporo King ER', 'Melorin', and 'G 08' also seemed to decrease gradually, but this change was not statistically significant. The rate of decrease in HSP content varied among cultivars. In 'Sapporo King ER', 'Melorin', and 'King Melty', HSP content fell off to less than 10 mg/100 g FW in three or (Fig. 4) . These results are consistent with previous reports (Barreiro et al., 2001; McCollum et al., 1989; Ranwala et al., 1992; , and suggest a close relationship between the solubilization of pectic substances and flesh softening. It seemed that there is an exponential relationship (R 2 = 0.490) between WSP content and hardness through our data. Furthermore, the rate of these changes varied among cultivars in correspondence with the softening rate of each cultivar. These results imply that the differences in pectin solubility may be one of the factors that cause differences in postharvest fruit softening behavior between cultivars. In particular, the significant negative correlation observed between WSP content and flesh firmness suggests that WSP can be used to estimate firmness. In most previous papers, it is reported that the amounts of total pectin remain consistent or gradually decrease, varying with cultivars (McCollum et al., 1989; Simandjuntak et al., 1996) . In this study, an increase in total pectin content was observed in rapid softening cultivars ('Sapporo King ER', 'Melorin', and 'King Melty'). The cause of this phenomenon is unclear, but we assume that in these cultivars, the turnover of cell wall polysaccharides may be occurring more rapidly on a larger scale than in other cultivars, and the amounts of WSP increase became temporarily greater than that of HSP decrease during the solubilization process. There are still some arguments regarding the mechanisms of cell wall degradation and pectin solubilization in muskmelon McCollum et al., 1989; Ranwala et al., 1992) . Further investigation using cultivars that have different fruit softening behavior may provide useful information on this issue.
Flesh firmness has a great effect on eating quality (Beaulieu et al., 2004; Mutton et al., 1981; Yamaguchi et al., 1977) . The objective measurement in this study also reveals that the TPA parameters obtained at the stages of best eating quality in each cultivar are not necessarily similar. For example, the hardness of rapidly softening cultivars was less than 5 N on the day when they showed best eating quality, while that of slowly softening cultivars was more than 15 N. In intermediately softening cultivars, the hardness ranged between the values of the two groups. We think that these differences occur because sweetness, flavor, and aroma are also determinants of acceptability. Namely, storage for more than two weeks in these cultivars can lead to fermentation or development of off-flavors, so that acceptability lowers even while the flesh is not yet optimally soft. These results contribute basic information on the objective texture evaluation of muskmelon. Mutton et al. (1981) reported an attempt to predict overall acceptability by SSC and flesh firmness measured by penetrometer. Furthermore, there are more subtle textural characteristics, such as fibrousness, meltingness, and mealiness, which may also affect the eating quality of melons. These characteristics also vary among cultivars. Since some TPA parameters seemed to correlate with overall acceptability, further investigations of instrumental measurements may lead to the development of methods able to evaluate such qualities. Studies on the objective measurement of flavor and aroma are also being initiated (Beaulieu and Lea, 2003; Senesi et al., 2002 Senesi et al., , 2005 . By combining these results, a reproducible, objective method to predict the overall acceptability of each cultivar may be established.
